Abstract-In this paper, we present a new artificial muscle actuator for the robotic applications, called multi-stacked actuator. This actuator is made from a new material, named synthetic elastomer previously developed by ourselves[1]. The synthetic elastomer displays enhanced performance in terms of electrical as well as mechanical properties, which can be adjusted depending on its applications. The actuator is composed of the synthetic elastomer sheet coated with compliant electrodes on the both sides, connecting disks, spring, and rigid frame. This novel design enables the actuator to generate the large strain as well as the large force. Experimental works are performed to evaluate the actuation performance and the effectiveness of the actuator is validated.
I. INTRODUCTION
During last decades, a great deal of researches on electroactive polymer actuators (EAP) have been conducted and remarkable progresses have been made. Among them, dielectric elastomer actuators are one of the most prospective because of its large deformation and force, and cost effectiveness [2] . There are numerous dielectric elastomers available commercially such as silicone, polyurethane, acrylic elastomer etc. [3] . However, they have critical drawbacks because of their characteristic properties, typically dielectric constants, and elastic modulus, can not be under prospective modification according to the requirements [2] . Dielectric elastomers currently available do not permit the change of their material properties. In order to get an actuator practically applicable, it is necessary to develop new materials whose properties can be easily adjusted. In the previous report, an elastomeric material, called synthetic elastomer was presented [1] . It has many advantages, in particular it allows us to modify the properties of the material according to the requirements, which results in the actuation characteristics. Thus, its applications can be extended from macro to nano scale.
Actuators made from the dielectric elastomer have been applied in the robots, micro devices, micro air vehicles, etc. So far, various configurations of actuators have been proposed such as planar, tube, roll extender, diaphragm and bender, etc. [4] , [5] , [6] , [7] . The roll or tube actuators have advantage of large deformation and high force. However, hrchoi@skku.ac.kr most of the robotic actuators developed up to now employ extremely large prestrain (over 300%) to amplify the strain as well as the output force [4] , [5] . Recent investigations note that the prestrain has influence on the mechanical as well as the electrical properties of the actuator [13] . As a critical drawback, in particular, its performance is time-dependent so that, the performance is getting worse after several cycles of actuation, because the prestrain is reduced continuously as the time goes on, which makes the actuation force and displacement decrease. Recently, Choi et. al reported an actuation method without prestrain and applied in driving the artificial annelid robot [8] . The folded dielectric elastomer by Carpi et. al. that is equivalent to multilayer stack actuators, can produce a large deformation [9] . Moreover, an automatic fabrication technology have been developed to provide electrostatic multi layer stack actuator applied for Braille diplay [10] . The advantage of these multilayer stack actuators is to have a deformation originated directly from the Maxwell stress. As shown in Fig. 1 , when the dielectric elastomer is unconstrained and a driving voltage is applied, the strain s z along the thickness direction is the result of Maxwell stress, meanwhile the strain s x along the lateral direction can be calculated from the incompressibility condition as follows.
According to Eq. (1), the strain along the thickness direction is twice than the one along lateral direction. Consequently, the method using the deformation that comes from the principle of Maxwell stress is simple and allows us a stable and larger deformation. Nevertheless, there are still several issues to be investigated, for example, design, fabrication, driving circuitry etc., which are mostly focused on improving the displacement or force of the actuator [9] . In this paper, a new actuator producing linear motion, called multi-stacked actuator, is proposed. It is made from the synthetic elastomer and a novel design of the actuator for robotic applications is proposed. The challenges are how to realize the actuation characteristics according to the requirements, which can be achieved by adjusting the material properties and the design of the actuator. In addition, the proposed actuator does not need any prestrain to amplify the displacement or force. It just includes multiple layers of synthetic elastomer layers that electrode layers is connected in parallel to minimize the resistance of electrode. The details about the proposed actuator will be described in the following.
This paper is organized as follows. In the first, the synthetic elastomer is described briefly in section II. In the section III, the structure of the multi stacked actuator is outlined in details. Also, the process and fabrication of the proposed actuator are introduced in section IV. The experimental results will be discussed and evaluated in section V. Finally, conclusions with future works are given in section VI.
II. SYNTHETIC ELASTOMER
To begin with the study of the actuator, it is necessary to consider significant parameters influencing on the overall performance of actuation. According to the fundamental physics of the dielectric elastomer, the principle operation is based on the electromechanical transduction of a parallel two plate capacitor. It generates a electrostatic force, called Maxwell stress. The Maxwell stress is expressed as where ε o , and ε r denote the permittivity of the free space and the relative permittivity of the elastomer, respectively. E, V , and t represent the electric field, the applied voltage, and the thickness of the dielectric elastomer, respectively. As the dielectric constant of the elastomer becomes larger, the more electromechanical stress and energy density are obtained with a much smaller input voltage. It should be noted that the dielectric constant ε r is one of the most important material properties of actuation.
The important factors of the dielectric elastomer are represented with dielectric constant, breakdown strength, elastic modulus, and stress relaxation, and viscoelasticity [1] . Among dielectric elastomers, Acrylonitrile Butadiene Rubber (NBR) has an excellent characteristic adjusting material properties to the requirements above. NBR is the result of copolymerization of acrylonitrile(ACN) and butadiene rubber(BR). The ACN is a polar rubber with high dielectric constant and good elongation as well as adequate resilience, tensile and compression set. The content of ACN is a primary factor characterizing NBR. The ACN level, because of its polarity, determines the basic mechanical properties, such as oil and solvent resistance, as well as electrical properties like dielectric constant and breakdown voltage [11] , [12] . Additionally, the mechanical properties of NBR can be adjusted by vulcanization conditions. Moreover, we can adjust the material properties of the NBR by changing the recipe of the additives which play an important role in the manufacturing process. In other words, material properties can be changed a lot by controlling the contents of the ACN, additives, and vulcanization conditions. This is the reason why the NBR can be considered as a promising candidate for dielectric elastomer actuator and the details can be referred to [1] , [2] III. DESIGN The proposed actuator is designed to be directly driven by Maxwell stress without using prestretching. In addition it produces a relative large displacement(up to 15 % of the effective length of the actuator) because the novel synthetic elastomer is utilized. Its fundamental principle of operation is as shown in Fig. 2 . When the voltage is applied between two electrode layers, Maxwell stress is produced, and thus the dielectric elastomer is compressed along the axial direction. The compression of each layer results the lateral expansion of the actuator because of the incompressibility of the polymer. Consequently, the deformation of the multi stacked actuator is the sum of the deformation of each layer, and the total deformation is expressed as
The principles are simple but its performance is quite different depending on the design of the actuator. In particular the geometry of the actuator unit has large influence on. In this paper, two types of design, that is circular actuator and rectangular one are introduced.
As illustrated in Fig. 3 , the basic unit of the circular actuator is composed of the synthetic elastomer and compliant electrode layers put on both sides of the elastomer. The actuator is just built up by stacking the circular actuator units and having electrical connections among the basic units. Electrical connectors are placed to face the opposite sides as shown in Fig. 3 in order to avoid the electrical shortage. In addition, the inactive region not covered with electrode layers needs to be kept as small as possible because it obstructs the movement of the active region that covered by the electrode. It is important to minimize the inactive Fig. 3 . Design of actuator unit boundary, though it cannot be removed completely due to the electrical shortage. The circular actuator is easy to fabricate and simple, but the displacement of the actuator can be reduced because the inactive region entirely surrounds the active one. The hole inside the actuator is introduced to help break the stress balance inside the actuator and increase the displacement. The basic actuator units are stacked to make a bundle of the actuator and then, the bundles of actuators are stacked again passing through a shaft as illustrated in Fig. 4 . In addition, connecting disks are inserted to do without obstruction between the boundaries of the bundles and realize a large deformation. In addition a spring is inserted to make the stacked actuator compressed tightly. It is used to support the compression of the actuator when they are applied with power source. As mentioned above, the inactive boundary obstructing the deformation of the actuator, needs to be kept as small as possible. The second prototype, called the rectangular actuator, is designed to cope with this problem. It is designed to minimize the inactive boundary by folding as shown in Fig. 5 . After being folded, the actuator has one free direction without the boundary, which helps the actuator generate the improved deformation than the previous ones.
Fundamentally, the rectangular actuator has difference from Carpi's work because separate connection among the actuator units or driving can be possible [9] . Except that, most features are similar to the circular actuator as shown in Fig. 6 . 
IV. FABRICATION
The fabrication process is as illustrated in Fig. 7 . First, the synthetic rubber is resolved with a solvent. Secondly, the additives to make the material softer and to cross-link the material are mixed with the determined composition. Selection of additives are very much important because it plays major role on tuning the material properties. That is, elastic modulus, dielectric constant, stress relaxation and breakdown voltage etc. are determined by the additives, typically such as sulfur, DO (DimethylOxide), DOP(Diotyl phthalate) etc. In the third, the synthetic rubber is dispensed by using the dispensing machine, and the synthetic elastomer is produced after cross-linking in the vacuum oven at a high temperature. Here, the solution of the electrode is produced by mixing carbon powder and synthetic elastomer and the solution is dispensed similarly. The actuator is fabricated automatically by using a dedicated robot system as shown in Fig. 8 . The details about this machine is described in [15] . The robot dispenses the synthetic elastomer according to the sources assembled. Typically, it is not dispensed at a time, but very thin synthetic elastomer is dispensed repetitively and stacked. It is a very important to have the uniform layer of the synthetic elastomer. Accuracy of the dispensing system is around 0.3mm in the lateral direction. Minimum thickness of dispensing layer is 15 µm. The thickness of the electrode layer is about 20µm, and that of a synthetic elastomer is typically about 60µm, respectively. All the actuators are produced on the teflon sheet. The housings are made of engineering plastic and the bearing is used to reduce the friction between the cap and the output shaft. Two actuator prototypes manufactured are as shown in Fig. 9 .
V. ANALYSIS AND EXPERIMENTS

A. Analysis
The performance of the actuator has been analyzed by ANSYS and the results are as shown in Fig. 10 . In the analysis, the size of the inactive boundary in the circular actuator is 0.5mm both inside and outside boundaries. Whereas the rectangular actuator has the boundary of 0.5mm in three sides and no boundary in the other side. As noted in the analysis, the rectangular actuator has larger deformation than the annulus one. It is because the rectangular one has a free boundary, though the circular one does not. The free boundary alleviates the deformation of the actuator. 
B. Experiments
In the experiments, several aspects of the actuator were tested to evaluate the actuator. The experimental setup is as depicted in Fig. 11 . It was designed for measuring the motion of the actuator and the load can be put on The displacement of the actuator was measured with a laser displacement sensor (LK-081 Keyence) and the data was collected via a Universal Serial Bus (USB) to the personal computer. A high-voltage amplifier (Trek-10/10B) with a function generator and a voltage supplier was installed to supply sinusoidal driving voltages with variable frequencies. Additionally, a miniature driving circuitry was made as shown in Fig. 12 . Input of the circuit is just 5V and the DC-DC converter amplifies the applied voltage by 1000 times to supply the high voltage to the actuator up to 5kV.
It was developed to demonstrate the possibility in robotic applications.
In the first experiment, the displacements of the actuators were measured with different loads: 50g, 100g, and 150g, respectively. The frequency of the driving input was set 1Hz of the sinusoidal wave. The experimental results are shown in Figs. 13 and 14 . It notes that the displacement of the actuator decreased when the mass of the load is increased. As discussed in Fig.10 the deformation of the rectangular actuator is better than the circular one. A unit of actuator, in case of rectangular one, originally had almost deformations of 10% at 3.5KV , but when it is stacked, the total ratio of the deformation is reduced compared to those of a unit of the actuator. It may be caused by the mechanical interferences of the actuator such as friction, etc.
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R e c t a n g u l a r a c t u a t o r -5 0 g R e c t a n g u l a r a c t u a t o r -1 0 0 g R e c t a n g u l a r a c t u a t o r -1 5 0 g The frequency response was measured, too. The applied voltage was kept at 3KV and an external load was also kept at 100g. The frequency was swept from 1 Hz to 10 Hz. As shown in Fig. 15 , the bandwidth of the system remains around several hertz. It is just the result of the test for the actuator only, though it appears a little bit low for robotic applications. It can be improved by introducing dedicated circuitry as presented in the previous reports [14] .
VI. CONCLUSIONS
In this paper, a multi-stacked artificial muscle actuator based on the novel synthetic elastomer was presented. We demonstrated that the rectangular actuator has better performance than the circular one due to the different mechanical structure in relation to the boundary. The proposed actuator has advantages for controlling each layer independently and providing macro forces as well as displacements suitable for robotic applications. In the future, various control approaches will be studied to apply for controlling the developed actuator.
